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mFoldStructure-switching molecules provide a unique means for analyte detection, generating a response
to analyte concentration through a binding-speciﬁc conformational change between non-binding
and binding-competent states. While most ligand-binding molecules are not structure switching
by default, many can be engineered to be so through the introduction of an alternative non-binding
(and thus non-signalling) conformation. This population-shift mechanism is particularly effective
with oligonucleotides and has led to the creation of structure-switching aptamers for many target
ligands. Here, we report the rational design of structure-switching DNA aptamers, based on the
thrombin binding aptamer (TBA), that bind potassium with afﬁnities that bridge the gap between
previously reported weak-binding and strong-binding aptamers. We also demonstrate a correlation
between the free energy of the experimentally determined binding afﬁnity for potassium and the
computationally estimated free energy of the alternative (non-binding) structure.
 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Structure-switching molecules generate a signal in response to
a binding-speciﬁc conformational change, Fig. 1A. In the absence of
target ligand, the molecule adopts a molecular shape that is not
competent for ligand-binding and is thus non-signalling. The
switch between this non-binding state and a binding-competent
state is controlled by a switching equilibrium constant, KS. The
binding-competent state has an intrinsic afﬁnity for ligand, deﬁned
by the dissociation constant, KDint. Stabilization of this binding-
competent state by ligand thus serves to quantitatively signal
its presence. This population-shift mechanism has been well
described for previous systems in vitro [1–4] and riboswitches,
characterized only in the past decade [5,6], represent an ideal
example of the power of the population-shift mechanism in nature.The observed binding afﬁnity for a structure-switching mole-
cule, KDobs, reﬂects contributions from both KS and KDint. Greater sta-
bility of the non-binding state (i.e., larger KS values) is reﬂected in
larger KDobs values, requiring a larger concentration of ligand to pop-
ulate the signalling state. This molecular switching can be coupled
to a number of speciﬁc optical, electrochemical, and biochemical
outputs, including FRET or ﬂuorescence emission, making it an
extremely versatile tool in the laboratory (reviewed in [3]).
The optimal sensitivity (change in signal/change in target con-
centration) of a structure-switching molecule can be achieved by
optimizing the thermodynamics of switching between a binding-
competent and alternatively folded structure. While this ‘‘tuning’’
of the observed binding afﬁnity can be done by identifying apta-
mers with inherently different KDint values [7] an alternative
approach is to manipulate KS [8]. Speciﬁcally stabilizing or destabi-
lizing either the binding-competent state or the non-binding con-
formation can modulate KS. By manipulating KS in this way, Plaxco
and co-workers have expanded, narrowed, and edited the dynamic
ranges of several structure-switching molecules [9–12].
Aptamers are nucleic acid sequences that have been selected for
their ability to bind speciﬁcmolecular targets,which can range from
small organic molecules to large proteins [13]. Their binding afﬁni-
ties (KD values) range from 1 pm to several lM, but generally fall in
the nanomolar range. In this way, nucleic acid aptamers have the
ability to bind analytes with speciﬁcities previously reserved for
Fig. 1. Structure-switching molecules operate via a population-shift mechanism. (A) Structure-switching molecules can exist in two conformations – a non-binding (and thus
non-signalling) conformation, and a binding-competent state. The partitioning between these two states is dictated by a switching equilibrium constant, KS, which reﬂects the
inherent stability of the non-binding state, as well as the intrinsic afﬁnity for the target ligand, as deﬁned by the dissociation constant, KDint. In the absence of ligand,
partitioning is dominated by KS, maintaining the molecule in a non-binding conformation. In the presence of ligand, KDint becomes an important contributor to partitioning
between non-binding and bound states. The observed binding afﬁnity for a structure-switching molecule, KDobs, reﬂects contributions from both KS and KDint. In this way, ligand
presence facilitates the capture of molecules in the binding-competent state, transitioning the structure-switching molecule to a bound (signalling) state in a concentration-
dependent fashion. (B) Ellington and co-workers have modiﬁed the thrombin binding aptamer (TBA) into a structure-switching DNA aptamer (19), which partitions between
a non-binding hairpin conformation (H) and the binding-competent state (Qfree), which is captured by thrombin protein as a G-quadruplex motif (Qbound). Sequences have
afﬁnities for thrombin that reﬂect the inherent stability of hairpin conformations. Formation of the G-quadruplex motif separates the ﬂuorophore (star) from the quencher
(square), which is detectable by ﬂuorescence spectroscopy. (C) By way of its G-quartet sequence, TBA is also an aptamer for potassium, and is similarly partitioned as in (B),
and captured as a G-quadruplex motif (Qbound) by potassium ions.
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ease of chemical synthesis, long-term storage viability, and limited
immunogenicity for therapeutic applications [14–16].
Previous work by Toole and co-workers has identiﬁed a
15-nucleotide DNA aptamer capable of binding the protein throm-
bin with high afﬁnity (i.e., KDint is small; 25–200 nM) [17]. A closer
examination of the structure of this thrombin binding aptamer
(TBA) revealed a G-quartet sequence (GQS). A G-quartet (a.k.a.
quadruplex) is a structure formed when four-strands of DNA (or
RNA) associate to form stacks of G-quartets (platforms) (Fig. 1B
and Q) [18].
Most aptamers are not inherently structure-switching – that is
they do not produce a signiﬁcant conformational change, and thus
a readily measurable signal, upon target binding. Thus, an inherent
problem in designing structure-switching molecules is the creation
of an alternative non-binding conformation. In later work by
Ellington and co-workers, the thrombin binding aptamer was rede-
signed as a structure-switching molecule capable of signalling the
presence of thrombin using ﬂuorescence spectroscopy [19], Fig. 1B.
This was done by the addition of nucleotides on the 50-end that
were complementary to the 30-end of the TBA sequence, forcing
the sequence into a stem–loop structure in the absence of the
thrombin ligand (H). The addition of thrombin ligand allowed for
a conformational change into the binding-competent state (Q),
which was signalled by a change in ﬂuorescence intensity from a
ﬂuorophore attached to the 50-end.
Signiﬁcant structural stability of quadruplexes comes from
base-stacking, hydrogen bonding interactions, and coordination
with metal cations, and there have been extensive structural stud-
ies on this thrombin binding aptamer [20–25]. For many guaninequadruplexes, including TBA and these structure-switching mole-
cules derived from it, the cation of choice is potassium. Thus, a
G-quartet is inherently an aptamer for K+.
While progress has been made on developing DNA quadruplex-
forming sequences into potassium sensors [26–33], little work has
been done ‘ﬁne-tuning’ these sensors to have differing sensitivities
(i.e., different KDobs values). In the present work, we examine the
ability of previously studied thrombin binding aptamers to serve
as a structure-switching aptamers for potassium (Fig. 1C). The
15-nucleotide TBA sequence, containing no additional nucleotides
to afford an alternative non-binding conformation should repre-
sent the lower limit of potassium binding (e.g., KDint in Fig. 1C).
Work by Gross and co-workers have determined the KD of this
strong-binding sequence to be 5 lM [34]. Two structure-switching
thrombin aptamers examined by Ellington and co-workers [19]
would be predicted to exist primarily in a non-binding conforma-
tion in the absence of potassium (H, in Fig. 1C). As such, these
weak-binding aptamers would be predicted to require signiﬁcantly
greater potassium concentrations to populate the bound state (Q).
While these structure-switching aptamers have been studied for
their ability to bind the protein thrombin, potassium-binding stud-
ies have not been reported in the literature.
Here, we use computationally estimated free energies of the
non-binding hairpin states to design three new G-quadruplex con-
formational switches with binding afﬁnities to predictably ﬁll in
the gap between the previously reported strong- and weak-binding
potassium-binding DNA aptamers. This project aims to correlate
the experimentally determined KDobs for potassium-induced
G-quartet formation with the computationally estimated stability
associated with an alternative hairpin structure [35,36].
Table 1
Sequence information for structure-switching DNA aptamers for potassium.
Oligonucleotide Sequence a e260,
L (mol strand)1 cm1b
20-10-5 50-ccaacGGTTGGTGTGGTTGG-30 188,600
19-11-4 50-ccaaGGTTGGTGTGGTTGG-30 181,800
20-11-4-50A 50-accaaGGTTGGTGTGGTTGG-30 195,600
20-11-4-50C 50-cccaaGGTTGGTGTGGTTGG-30 189,000
18-11-3 50-caaGGTTGGTGTGGTTGG-30 174,600
TBA 50-GGTTGGTGTGGTTGG-30 143,300
a Quartet-forming nucleotides are shown in uppercase, and ﬂanking sequence is
shown in lowercase.
b Provided by Integrated DNA Technology.
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will allow for the design of a G-quartet sequence with a predictable
potassium-binding afﬁnity.2. Materials and methods
2.1. DNA preparation
DNA oligonucleotides were purchased from Integrated DNA
Technologies, Inc. Sequences and their abbreviations are provided
in Table 1 whereby the ﬁrst number indicates the total number
of nucleotides, the second indicates the number of nucleotides in
the loop, and the last indicates the number of base pairs in the
stem. For example, 20-10-5 is a 20-nucleotide hairpin loop with
10 nucleotides in the loop and 5 base pairs in the stem. These six
sequences represent three newly designed oligos which were
based on previous research on the thrombin binding aptamer
(TBA) [34] and two previously studied structure-switching analogs
(referred to herein as 20-10-5 and 19-11-4) [19]. Oligonucleotides
were prepared by resuspending the lyophilized DNA in distilled
and autoclaved water and quantitated using standard procedures.2.2. Determination of hairpin stability using mFold
Stabilities of hairpins were computationally estimated using the
DNA folding form within the programmFold [35] and the following
parameters: linear DNA, 22 C folding temperature, 10 mM Na+,
and no changes to the remaining default parameters. These
parameters were chosen to most closely match the conditions at
the start of CD titration experiments (22 C, 10 mM Li+). In
situations where more than one stable fold was predicted (as
was the case for ﬁve of the six oligos studied), the free energy value
for the most stable fold was used. For all cases, as there was at least
1 kcal/mol difference between the free energy value reported and
that for the nearest less stable fold (representing at least a 10-fold
difference in contribution of this fold to the overall population),
this approach is justiﬁed. While a more rigorous treatment of the
thermodynamic data was undertaken using a binding polynomial
approach (data not shown), the results obtained were not different
than those determined using the more simpliﬁed method.2.3. Circular dichroism (CD)
CD spectroscopy was performed using a Jasco CD J810 Spectro-
polarimeter, and data were analyzed with Jasco Spectra Manager
Suite software [37]. DNA oligonucleotides were prepared to a con-
centration of either 5 or 15 lM in 10 mM LiCacodylate or 20 mM
Tris (pH 7.0) buffer. DNA was renatured at 90 C for 5 min and
allowed to cool at room temperature. Spectra were acquired at
22 C every nm from 210 to 310 nm with a bandwidth of 1 nmand a response time of 1 s/nm. Data were buffer subtracted and
normalized to provide molar residue ellipticity values.
Titrations were performed with KCl to determine the amount of
K+ necessary for G-quadruplex formation. To determine KobsD
values, ellipticity data at kmax for a particular sequence were ﬁt
with KaleidaGraph v. 4.5.2 (Synergy software) according to the
two-state Hill equation:
e ¼ eQ þ eH  eQ
1þ ½Kþ KobsD
h in.  ð1Þ
where eQ is the normalized CD signal corresponding to the fully
folded GQS; eH is signal for the hairpin state; [K+] is the potassium
ion concentration, KDobs is the potassium ion concentration needed to
fold half the DNA, and n is the Hill coefﬁcient. In addition, some data
were plotted as fraction folded plots, calculating fraction folded as
follows:
f F ¼
e emin
emax  emin ð2Þ
and were ﬁt using the following equation:
f F ¼
½Kþ KobsD
h in. 
1þ ½Kþ KobsD
h in.  ð3Þ
the standard free energy (DG) of the folding transition of a given
GQS can be calculated from the relationship:
DG ¼ RT lnð½Q =½HÞ ð4Þ
where R is the gas constant and T is the temperature in K, and [Q]/
[H] represent the concentrations of quartet and hairpin states
respectively. This expression can be evaluated at any given potas-
sium ion concentration using the KDobs and Hill coefﬁcient (n) to
obtainDGobs, the observed free energy of the folding transition [38]:
DGobs ¼ nRT ln ½Kþ
 
KobsD
h i
ð5Þ
this equation corresponds to an observed free energy in K+ con-
centration, which couples folding and ion binding free energies.
Data shown in Table 2 were obtained from ﬁtting using Eq. (1)
and calculation of DGobs using Eq. (5); the errors listed are those
reported from the curve ﬁtting.
3. Results
3.1. Design of structure-switching DNA aptamers for potassium
In the present work, a systematic approach was taken to ratio-
nally design three new structure-switching DNA aptamers with
smaller or larger KS values (i.e., more stable or weaker alternative
structures) than three previously studied aptamers, Fig. 2. For all
sequences, quartet-forming sequence is shown in red and black,
and structure-switching sequence is in green. The 15-nucleotide
thrombin binding sequence (TBA) is predicted to have the strongest
binding to potassium ions [34], lacking any sequence capable of
forminganalternative structure. The structure-switchingDNAapta-
mers (20-10-5, and19-11-4) [19], arepredicted tohave largerKS val-
ues, binding potassium only at high concentrations due to the
population of a non-binding hairpin conformation. Nucleotides
were added or removed to strengthen (larger KS) orweaken (smaller
KS) the hairpin folded state, respectively, creating the three new
aptamers. It shouldbenoted that for anyconstructs involvinga rede-
sign of the stem structure,modiﬁcationswere onlymade to the por-
tion of the stem that is not the potassium-binding motif. That is, the
quartet-forming sequence remains identical in all six structures.
Sequences other than the minimal thrombin binding aptamer
(TBA) sequence are identiﬁed by a numerical code indicating the
Table 2
Computationally estimated and experimental data for structure-switching DNA aptamers for potassium. Computational data were obtained for all six sequences using the
program mFold. DGmFold are the free energy values reported for the folded structures provided by the program and using parameters that most closely resemble those
experienced during experimental conditions. Experimental values were determined by monitoring changes in molar ellipticity at 295 nm by CD potassium titrations. These data
were ﬁt to a two-state Hill equation to obtain KobsD and Hill coefﬁcient (n) values. These two values were then used to calculate DGobs for all six sequences. Errors reported are
those from data ﬁtting. Data for 20-10-5 were estimated based on CD data as there was an insufﬁcient upper baseline for data ﬁtting.
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hairpin stem. For example, 20-11-4-50A is a20nucleotide stem–loop
containing11nucleotides in the loop domain and closed by a 4 base-
pair stem with an unpaired adenosine on the 50-end (a dangling A).
3.2. Computational estimation of DGmFold (KS values) for structure-
switching DNA aptamers for potassium
Thermodynamic parameters (DGmFold, kcal/mol) were computa-
tionally estimated for the six sequences in Fig. 2 using the program
mFold [35] and parameters most comparable to conditions used
experimentally (10 mM monovalent ion, 22 C). As this program
is only capable of examining secondary structure formation, values
reported are only for possible stem–loop structures and not for any
structures arising from quadruplex formation. These values are
reported in Table 2. The expected trend is observed. TBA, contain-
ing few switch-forming nucleotides, reported the least stable alter-
native structure (i.e., smallest KS) with sequences containing 3, 4,
or 5 base-pair stems report more stable alternative structures
(i.e., larger KS values).
It is worth noting that the predicted structures in Fig. 2 are
based on possible base-pairing options. While these proposed
two-dimensional foldings are based on mFold possible structures,
the actual structures may be more complex [39].
3.3. Experimental determination of DGobs (via KD
obs and Hill coefﬁcient
values) for structure-switching DNA aptamers for potassium
Potassium-induced structure switching between hairpin and
quartet states was examined using circular dichroism spectros-
copy, monitoring the change in molar ellipticity as a function of
potassium concentration between 210 and 310 nm. There is a clear
distinction between CD signals for the hairpin and quartet states,
with the greatest signal changes occurring at 240, 270, and
295 nm, Fig. 3A.
This change in CD signal wasmonitored over several additions of
potassium ion, Fig. 3B. The change inmolar ellipticity at 295 nm as a
function of potassium concentration was plotted and ﬁt to atwo-state hill equation, Fig. 3C, to determineKDobs andHill coefﬁcient
values, which were then used to calculate DGobs. While changes in
hyperchromicity for hairpin to quartet transitions at wavelengths
of 240, 270, and 295 nm have been well documented [19,40], for
our data, the signal change of greatest magnitude andwith the least
amount of signal noise occurred at 295 nm. Indeed, while all three
wavelengths provided experimental KD and Hill coefﬁcient values
that were nearly identical within the error of the data ﬁtting (data
not shown), the magnitude of the error associated with the values
obtained from the 295 nm data were 5–10-fold smaller than that
from the 240 or 270 nm data. Thus, it is reasonable to assume that
the ﬁtting from the 295 nm data most accurately reﬂects the exper-
imental binding constants for these aptamers.
Potassium titrations were performed for all six sequences, and
the CD traces and curve ﬁts are shown in Fig. 4. KDobs, Hill coefﬁ-
cient, and DGobs values are reported in Table 2. A summary plot
showing fraction folded curves (which normalizes data to allow
for direct comparison of all six sequences) is shown in Fig. 5. Again,
the expected trend was observed. TBA, containing few switch-
forming nucleotides and the smallest computationally estimated
KS value reported the smallest KDobs and DGobs values. The potas-
sium binding constant for this strongest binder (KDobs = 13 lM) is
consistent with previously reported values of 5 lM [34]. Sequences
containing 3, 4, or 5 base-pair stems reported more stable alterna-
tive structures (i.e., larger KDobs and more negative DGobs values).
3.4. Correlation of computationally estimated (DGmFold) and
experimentally determined (DGobs) thermodynamic parameters
To determine the extent of correlation between computationally
estimated (DGmFold) and experimentally determined (DGobs)
parameters, the observed free energy of potassium binding (as
determined by circular dichroism) was plotted as a function of
the free energy of folding for each of the six sequences, Fig. 6. Con-
sistent with both computational and experimental data following
expected trends, a linear free energy relationship is evidenced by
the high degree of correlation between these values (R2 = 0.9789),
establishing the validity of this approach.
Fig. 2. Structure-switching DNA aptamers for potassium. Beginning with three previously studied aptamers that represent the predicted lower (TBA) and upper (20-10-5 and
19-11-3) limits of potassium binding, three additional sequences were created by either weakening the stem (predicted to decrease KS) or strengthening the stem (predicted
to increase KS). These sequences are named using a code indicating the total number of nucleotides, nucleotides in the loop domain, and number of base pairs in the stem. For
example 20-11-4-50C contains 20 total nucleotides, 11 nucleotides in the loop domain, 4 base-pairs in the stem, and an unpaired cytosine residue on the 50-end. Each
sequence name is also color-coded to correlate with data presented throughout the paper.
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Structure-switching molecules, which couple a binding-speciﬁc
conformational change to a reportable signal (Fig. 1A) present a
new quantitative and versatile method of analyte detection. Work
by Plaxco and co-workers has demonstrated the ability to ratio-
nally ﬁne-tune aptamer binding properties by optimizing the ther-
modynamics of switching between binding-competent and
alternatively folded states. This optimization has generally resulted
from changes that modulate KS, the switching equilibrium constant
(Fig. 1A), and has resulted in structure-switching aptamers with
altered dynamic ranges for substrate binding [1,3,8–12].
The concept of a structure-switching aptamer was utilized by
Ellington and co-workers to transform the 15-nucleotide DNA apt-
amer for the protein thrombin into two structure-switching DNA
aptamers, capable of detection of their target protein ligand [19]
(Fig. 1, and 20-10-5 and 19-11-4 in Fig. 2). As the central structural
motif in these structure-switching aptamers is a G-quadruplex
sequence (GQS), which also has an afﬁnity for potassium ions,
these DNA sequences are also structure-switching aptamers for
potassium ion (Fig. 1C).
The 15-nucleotide thrombin binding aptamer (TBA) sequence is
predicted to have a strong afﬁnity for potassium, as the lack of any
ﬂanking sequence prevents the population of a non-binding con-
formation. Consistent with this, Gross and workers have reported
KD
int the of this strong binder to be 5 lM [34]. Structure-switching
TBA aptamers, populating a non-binding state in the absence of
potassium ions, are predicted to have a weaker afﬁnity for potas-
sium ions, although these data have not been previously reported
in the literature. The creation of a more stable alternative structure
(H in Fig. 1C) increases KS, decreasing the population of aptamer in
a binding-competent state (Qfree in Fig. 1C), requiring a higher
ligand concentration for signal change. Thus, while the intrinsicafﬁnity (KDint) of the binding-competent state has not necessarily
changed from that of the unextended TBA sequence, what has
changed by modulating Ks is the fraction of molecules in this state.
Much like is the case for competitive inhibition with enzymes, an
unfavorable off-pathway equilibrium (e.g., formation of an alterna-
tive structure) can be countered by an increase in ligand concen-
tration. Thus, the observed afﬁnity of the aptamer for its ligand
(KDobs) will change with changes in KS. Work by Plaxco and co-work-
ers has shown a correlation between these two parameters, deter-
mining KS by urea melting and KDobs by ﬂuorescence intensity
increases [8].
As is demonstrated in the present work, structure-switching
nucleic acid aptamers are particularly amenable to rational design
using computational methods to predict the thermodynamics of
switching between a binding-competent and alternatively folded
structure. This has great value in creating an aptamer that operates
within a given range of analyte concentration. That is, the sensitiv-
ity (change in signal/change in target concentration) can be tuned
to the desired range of analyte concentration. The dynamic range
for potassium ion detection by thrombin binding aptamer
sequences was established by previously studied sequences. The
lower limit (strong-binding) was set at 5 lM by the 15-nucleotide
TBA sequence [34] while the upper limit (weak-binding) was set by
the structure-switching aptamers used by Ellington and co-work-
ers [19], although potassium binding constants for these sequences
have not been reported in the literature. In the present work, the
gap between these upper and lower limits was ﬁlled using struc-
ture-switching DNA aptamers with potassium binding constants
that were predicted based on the stabilities of their non-binding
alternative conformations.
Using computationally estimated free energies of the non-bind-
ing hairpin states, we have designed three new structure-switch-
ing DNA aptamers with different stabilities of off-pathway folds
Fig. 3. Determination of KDobs and Hill coefﬁcient (n) values using circular dichroism (CD) spectroscopy. (A) Circular dichroism spectroscopy was used to ‘‘signal’’ the presence
of a non-binding hairpin state (H) or the G-quadruplex state (Q). In the absence of potassium, conformational switching favors the hairpin state, generating a speciﬁc CD
signal (red). Addition of saturating levels of potassium ion allow for the conformational switch to the quartet state (blue). (B) Monitoring potassium titrations by CD show
changes in molar ellipticity at three wavelengths; 240, 270, and 295 nm. (C) The increase in molar ellipticity at 295 nm is evaluated as a function of potassium concentration
and ﬁt to a two-state Hill equation to determine KDobs and Hill coefﬁcient (n) values. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
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ion (KDobs) was evaluated experimentally by CD titration experi-
ments, Figs. 3–5. Computationally estimated and experimentally
determined free energy data is shown in Table 2 and followed
the predicted trends. The linear free energy relationship between
these data (Fig. 6) was substantiated by the near-unity slope of
the plot, which establishes the validity of this experimental
approach. To our knowledge, this study represents the ﬁrst demon-
stration of the correlation between computationally estimated
switching equilibrium constants (KS) and experimentally deter-
mined binding afﬁnities (KDobs) of structure-switching aptamers.
This has many important implications as the relationship between
stability of a non-binding state and the ligand concentration
required to ‘‘switch states’’ can allow for the prediction of the nec-
essary KS value to obtain a structure-switching aptamer that would
operate in the desired range.
The introduction of additional sequence in nucleic acids to facil-
itate the design of structure-switching aptamers has the potential
to also generate unexpected structures, which could havesigniﬁcant sensitivity and/or selectivity issues. For structure-
switching aptamers, the formation of a speciﬁc binding-competent
structure is generally associated with the presence of ligand. In the
case of TBA, this is the formation of an antiparallel G-quartet in the
presence of potassium ions. Thus, to ensure the selectivity of this
binding event, it is essential that no other ligands are capable of
generating the same speciﬁc structure, which would result in the
generation of a false positive. In a recent study by Buess-Herman
and co-workers, extended G-quartet-based aptamer sequences
were shown to adopt both parallel and antiparallel structures by
CD and UV spectroscopy, depending on the nature of the cation
[41]. While all structures (including TBA) adopted the standard
anti-parallel conformation in the presence of potassium (which is
the ion used in the present work), the presence of different cations
was shown to change the conformation of the quadruplex present
in extended TBA sequences. This has signiﬁcant relevance in the
use of structure-switching molecules based on TBA as biosensors
as these conformational shifts could give rise to false positives.
Thus, control experiments examining issues of selectivity, such as
Fig. 4. Determination of KDobs and Hill coefﬁcient (n) values for structure-switching DNA aptamers for potassium. As per Fig. 3, for each sequence studied, potassium titrations
were monitored by CD. KDobs and Hill coefﬁcients (n) were obtained by plotting the change in molar ellipticity at 295 nm as a function of potassium concentration, and ﬁtting
the data to a two-state hill equation.
Fig. 5. Fraction folded plots for structure-switching DNA aptamers for potassium.
Data from Fig. 4 were used to generate fraction folded plots for all six sequences.
Fig. 6. Linear free energy relationship between experimental (DGobs) and compu-
tationally estimated (DGmFold) data. Free energy data reported in Table 2 were
plotted to obtain a linear correlation (y = 3.88x  1.27, R2 = 0.9789).
794 A.T. Catherine et al. / FEBS Open Bio 4 (2014) 788–795those used in the recent work by Chen and co-workers [42] will be
essential for any application of a TBA-based aptamer as a biosensor.
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